Carbon nanomaterials in the form of paper sheets have been used as platforms to achieve multifunctionality. Combined with electrochemical deposition, room temperature synthesis of magnetic Ni coatings on individual carbon nanofibers (CNF) and/or carbon nanotubes (CNT) has been realized through solution penetration and ion diffusion. In addition to significant electrical conductivity improvement, the magnetic responses of the Ni coated carbon nanopaper sheets can be tuned within large ranges in terms of saturation magnetic field, remnant magnetization and coercivity. After being re-suspended in liquids, the magnetized CNFs/CNTs can be aligned with small external magnetic fields.
Carbon-based materials have attracted extensive attention from both the scientific and industrial communities since the discovery of C 60 , carbon nanofibers (CNFs) and carbon nanotubes (CNTs) in the 1980s. However, large scale applications of carbon materials are still limited to carbon black produced by incomplete combustion of petroleum products or micro-carbon fibers synthesized by high temperature carbonization of organic fibers. Carbon black is the aggregate of fused nanocarbon particles (amorphous or crystalline) with a typical size of 8-300 nm and a typical microfiber has a diameter in the approximate range of 5-10 μm.
The high material cost and the difficulty in material handling are the two main reasons causing the limited engineering applications of carbon nanomaterials. For example, current carbon-based polymer composites are normally synthesized either by directly mixing the nanofillers with low viscosity polymer matrices [1] [2] [3] [4] or through the introduction of in situ polymerization [5, 6] . The composite properties are strongly influenced by nanofillers' concentration, size, distribution, alignment and the interfacial bonding with matrices. To manipulate nanofiller alignment, approaches including the use of very high shear/stretch forces [7, 8] , strong electric fields, strong magnetic fields [9] [10] [11] or high speed spinning/drawing [12, 13] have been explored, and further development of effective manipulation techniques with high levels of reliability and reproducibility are needed.
Recently, various surface coating techniques have been investigated to improve the physical properties and handling of carbon nanomaterials. Using physical vapor deposition (PVD) such as electro-beam evaporation, different metallic coatings have been deposited on individual carbon nanotubes for improved contact electrical properties [14, 15] . But PVD synthesis normally suffers from the shadow effect and uniform coating on powder-like carbon nanomaterials is difficult to achieve. Electroless deposition is another widely used method for metal deposition due to its capability of coating a large amount of CNTs/CNFs simultaneously, but the morphology and microstructures of the coating vary greatly due to catalytic nanoparticles' formation [16] [17] [18] [19] . In this paper, we report on the surface engineering of carbon fibers/nanotubes in the form of self-standing paper sheets by electrochemical deposition. This allows the coating of large quantities of CNFs/CNTs at the same time and the coating thickness and microstructures can be controlled by various electrodeposition parameters. In addition to using metallic layers to improve CNF/CNT electrical conductivity, covering the carbon nanomaterial surface with a ferromagnetic layer makes it possible to use an external field to manipulate their alignment and distribution in suspensions.
CNF/CNT nanopaper sheets were fabricated by a method similar to the 'Bucky paper' synthesis approach proposed by Wang et al [20] .
CNFs (Applied Sciences, Ohio) and CNTs (Carbon Nanotechnology Inc, Texas) were first acid treated to eliminate catalysts and, more importantly, to obtain hydrophilicity through surface oxidation. After the CNFs/CNTs were suspended in the appropriate solvents by ultrasonicating, the suspension went through a vacuum-aided filtering process to form an interconnected paper structure. Porosity of the carbon nanopaper can be controlled by the applied pressure during the final step of oven-drying. Figure 1 (a) shows a picture of loose CNFs and a 3 inch diameter nanofiber paper sheet. Using this method, carbon paper sheets with controlled size, thickness and porosity had been fabricated [21] . Hybrid paper sheets made from the mixture of CNFs and CNTs can also been synthesized. Compared to the CNF and CNT powder, free-standing paper sheets make it possible to control the surface functionalization of a large amount of CNFs/CNTs simultaneously. The experimental results reported here are all from carbon paper sheets made from CNFs with an average diameter of 100 nm and a length of 50 μm.
Electrodeposition has been widely used to modify the properties of carbon nanostructures. Electrochemical synthesis is a low temperature, cost-effective, easy to scale-up, and high throughput processing method suitable for functional surface coatings fabrication.
Moreover, electrochemical deposition allows coating on all CNFs/CNTs simultaneously through solution penetration and ion diffusion, in contrast to only forming surface coverage by other thin film fabrication techniques. Electrodeposition was carried out under ambient conditions in 1 M NiCl 2 solution (pH 3.5) in a conventional three-electrode electrochemical cell. For carbon nanofibers with an average diameter of 100 nm, the surface area was calculated to be 20 × 10 3 m 2 kg −1 . (Carbon nanofiber density is 1.95×10 3 kg m −3 .) The carbon nanofiber sheets used in this experiment had a thickness of 6.5 × 10 −4 m and a porosity of 94 vol%.
Cyclic voltammograms for nickel deposition on a glassy carbon substrate and the carbon nanofiber sheet are shown in figures 1(b) and (c). The potential scan rate was kept at 10 mV s −1 . On the glassy carbon substrate, typical nickel deposition waves can be observed with an equilibrium potential of −0.41 V with respect to the Ag/AgCl reference electrode. Significant nickel deposition occurs only at potentials below −0.7 V. The transferred charge ratio between the oxidation reaction and the reduction reaction was determined to be 0.94. The potential-current behavior of Ni deposition on carbon fiber paper is quite different from the flat glassy carbon substrate, with much lower current density for the carbon nanopaper sample at the same potential. It should be noted that the current density reported in this paper was normalized to the sample apparent surface area (normally of the order of 0.5-1 cm 2 ), not the actual solution/carbon fiber interface area. The calculated charge transfer ratio between the oxidation reaction and the reduction reaction was 0.35. These electrochemical characteristics can be attributed to the much higher resistivity of the carbon paper sample, which results in a large resistive potential drop along the sample and a more positive potential on the carbon fiber surface during the reduction reaction. This can cause a more significant contribution of hydrogen evolution to the total current density and a lower current efficiency.
The thickness of the Ni coating was controlled by galvanostatic current density and deposition time. First a CNF sheet sample was deposited at a current density of 8 mA cm −2 for 2 h. Scanning electron microscopy (SEM) and electron dispersive x-ray emission spectroscopy (EDX) were utilized to investigate the morphology and composition of the Ni coating. Figures 2(a) and (b) show the morphology comparison before and after Ni deposition. It can be seen that relatively uniform coatings were formed around all CNFs. EDX analysis taken from individual fibers confirmed the Ni presence along each of the nanofibers, as shown in figure 2(c) .
Quantitative magnetic characterizations of the nickel coated CNF paper sheets were carried out on an alternating gradient magnetometer (AGM) at room temperature. Figures 3(b)-(d) are the typical magnetic hysteresis loops for CNF sheets under different nickel deposition conditions with longitudinal applied fields (paper sheet plane parallel to the magnetic field). The magnetic hysteresis loop of a uniform 0.5 μm nickel film deposited on a glassy carbon substrate is also shown in figure 3(a) for comparison. For this thin film sample, due to the strong in-plane shape anisotropy and relatively small crystalline anisotropy of Ni, a square longitudinal hysteresis loop is observed. Magnetization switching takes place by domain nucleation and domain wall propagation, which results in a relatively lower coercivity. Coercive fields of uniform soft magnetic thin films (except for ultra-thin films) normally show weak thickness dependence. The measured coercive fields of the paper sheets are much larger than that of the uniform film and depend strongly on the Ni layer thickness. Also, the Ni coated CNF sheets have larger saturation magnetic fields and smaller remnant magnetization due to the loss of thin film shape anisotropy. The magnetization reversal mechanism in nanostructured materials can be very different from that in the thin films due to size and morphology confinements [22] . The shape anisotropy loss and strong coercive field dependence on the coating thickness deposited on the carbon paper sheets also indicate the formation of nanostructured Ni layers.
It is not surprising that after the Ni coating the electrical conductivity of the sample was significantly improved. cm. It is expected that increasing the coating thickness can further lower the sample resistivity.
A Ni coated CNF sheet sample was put into ethanol to re-suspend by ultrasonicating. As shown in figures 4(a) and (b), when the initial uniform suspension was brought into the vicinity of a permanent magnet, all fibers were attracted towards the magnet. This demonstrated that a majority of the carbon fibers were coated and magnetized. The coating of magnetic layers also makes carbon nanomaterial alignment much more feasible. As we have demonstrated previously, even the Earth's field can align magnetic Ni nanowires in suspension [23, 24] . Our preliminary study has demonstrated that the alignment of magnetized CNFs can be achieved. In ethanol suspension, the CNFs are dominated by Brownian motion and no obvious CNF agglomeration was observed. Figure 4 (c) shows an optical micrograph of the randomly oriented Ni CNFs after solution evaporation. Figure 4(d) shows the SEM picture of aligned CNFs after the liquid is dried under a uniform magnetic field. Slight CNFs agglomeration can be due to the result from liquid evaporation. In summary, carbon nanostructures, including fibers and nanotubes, can be effectively fabricated into a self-supportive paper sheet form. In this form, the carbon nanostructures can be much more easily handled for applications. Unlike carbon nanotubes consisting of one or several concentric graphene layers, the vapor grown carbon fibers (VGCF) are formed by stacked graphite layers of cones along the axes [25, 26] . This structure leaves more unsaturated carbon bonds on the nanofiber surface [27, 28] . These active positions could play a significant role in film nucleation or surface functionalization. As a demonstration of surface engineering, Ni coatings formed by the electrochemical deposition have shown significantly improved electrical conductivity and the introduction of magnetic responses. Electrodeposition enables the surface coating on all carbon nanostructures simultaneously, which makes it possible to use these carbon paper sheets as a platform to achieve multifunctionality. These hybrid carbon nanostructured materials have broad applications in reinforced nanocomposites, EMI shielding materials, fuel cell electrodes, catalysts, supercapacitors and bio/chemical sensors.
